A study towards the characterization of a new photopyroelectric gas sensor with an operating mechanism based purely on thermal waves is performed. It has been found that by restricting the gas flow over the sensor to a thin layer, sensitivity of the phase of the photopyroelectric signal to hydrogen is greatly enhanced. The phase of the signal has been shown to be more stable than the amplitude. Furthermore, the thinner the pyroelectric film, the better the sensitivity. Hydrogen concentrations as low as 1% in air have been detected using a 9 pm film.
Ontario M5S lA4, Canada (Received 19 August 1993 ; accepted for publication 16 March 1994) A study towards the characterization of a new photopyroelectric gas sensor with an operating mechanism based purely on thermal waves is performed. It has been found that by restricting the gas flow over the sensor to a thin layer, sensitivity of the phase of the photopyroelectric signal to hydrogen is greatly enhanced. The phase of the signal has been shown to be more stable than the amplitude. Furthermore, the thinner the pyroelectric film, the better the sensitivity. Hydrogen concentrations as low as 1% in air have been detected using a 9 pm film.
In a very recent development,' a photopyroelectric (PPE) gas sensor based on a purely thermal wave nonchemical operating mechanism has been described and its application to hydrogen sensing has been discussed. This is in contrast with a similar, surface chemically active Pd-coated device introduced earlier." In both these sensors metallized polyvinylidene fluoride (PVDF) films3 have been used. In the new nonchemical device, sensitivity to a particular gas is obtained through thermal boundary condition changes introduced by the gas at the film-gas interface, which depend on the thermophysical properties of the gas. In this paper we describe the characteristics of this sensor with a new geometry which improved the sensitivity considerably.
A commercial PVDF film3 with Ni/Al electrodes on both sides was installed in a commercially available INFICONTM housing [ Fig. l(a) ]. Light from an intensity-modulated laser diode with variable frequency was guided on to the back of the film using an optical fiber. The sensor was placed inside a chamber which permitted the controlled continuous flow of gas over the sensor. The photopyroelectric signal from the film was preamplified and then connected to a lock-in amplifier, which was interfaced to a computer to record both amplitude and phase. A complete description of the experimental setup is given in Ref. 1. In the present improved geometry, gas flow over the PVDF flrn opposite to the laser side has been restricted to a thin layer smaller than the thermal diffusion length ,u in the sensing gas (in this case hydrogen). The thermal diffusion length p is given by -
where o is the angular modulation frequency of the laser intensity and a is the thermal diffusivity of the gas. This geometry is achieved by placing a solid plate over the detector as shown in Fig. l(a) . In our setup the gap between the plate and the surface of the film is 0.5 mm. (The thermal diffusion length in hydrogen at 11 Hz is 2.3 mm.) This setup can be modeled as a four-layer system as shown in Fig. l(b) . Following the same approach as in Ref. 1 the pyroelectric voltage, which is proportional to the average temperature of the film for a given gas, can be calculated by solving the one-dimensional heat diffusion equations with appropriate boundary conditions, in each region (sj, (b) , (f), and (g) [Fig. l(b) ]. The final solution is given by -eo u+bbf)
Tf(w) =Lkfcr; (1 fb,,)
with ~j ) cj , "j, and kj being the density, specific heat, therma1 diffusivity, and thermal conductivity of material j. In our l-bij Yij'i +b,, 3 (g)], which may be the case of a future miniaturized redesign of this sensor, the drop in sensitivity is insignificant. When the detector is placed in two different gases, gl and g2 (e.g., 100% Hz and 100% air), the amplitude ratio and the phase difference can be found by separating the real and imaginary parts of
respectively (see appendix for details). The theoretical behavior of the phase difference as a function of the laser modulation frequency is shown in Fig. 2 (solid line). The following thermophysical parameters have been used in calculating the curve; k,,=26.14X10m3
ati=22.03X 10m6 m2 s-l, ku=182X 1O-3 ~r,=155.4XlO-~ m2 s-t,4 kf=190X10-3 W m-r K-l, af=8X10m8 rnz s-l.s A film of thickness 28 pm, gas layer of thickness d = 0.5 mm, and a solid plate of glass (k,l,,, =1.3 W m-t K-' and ~,,,=7.8XlO-~ m2 s-r from Ref. 4) has been assumed reflecting the experimental situation. Corresponding experimental phase differences at several frequencies are shown as discrete points in the same graph. The present configuration shows -350% increase in phase difference compared to the open detector1 at 10 Hz. In fact, the amplitude ratio becomes less sensitive to hydrogen when capped (placing a solid plate over the sensor). It can be shown theoretically that the phase sensitivity of the sensor to hydrogen gas with different capping materials such as aluminum, glass, and rubber changes only slightly, which is not observable experimentally. The reason is that the signal is a function of k/(a) 1'2 of the capping material and is relatively insensitive to a change of less than two orders of magnitude of this quantity.
Plots of Eqs. (A14) and (A15) show that the sensitivity of the detector increases with decreasing film thickness in both amplitude and phase channels. The amplitude ratio and the phase difference as a function of film thickness L at 10 Hz for 100% air and 100% hydrogen is shown in Pig. 3. With a 28-,um-thick PVDF film we were able to detect only down to 5% hydrogen in air, but with a 9-pm-thick film we were able to go down to 1% hydrogen in air (Fig. 4) . At these low concentrations signal changes due to hydrogen were observed only in the phase channel. Figure 5 shows data taken immediately after a new 28-,um-thick film was inserted in the housing. Several cycles of 100% hydrogen and 100% air are shown with a capped PVDF film at 21 Hz. These data show that the film responds immediately to hydrogen whereas in the Pd-PVDF chemical sensor several cycles of hydrogen exposure are required until a stabilized response is achieved. Furthermore, the phase of the signal shows excellent quality, reproducibility, and reversibility, whereas the amplitude drifts. Figure 6 shows data taken several hours later (solid lines) where the amplitude has stabilized. Here as well the phase data look far superior and have not drifted or changed in magnitude during the idle period. This experiment was repeated after the optical fiber was disconnected from the chamber and reinserted after half an hour. The amplitude started drifting again as before. After some time the amplitude stopped drifting. This suggests that the change is due to the drift in the dc temperature of the film. For the data shown so far, the flow rate of both gases was 500 ml mm-'. Dotted lines in Fig. 6 shbw the amplitude and phase change due to 100% hydrogen relative to pure air at a flow rate of 60 ml/min. This clearly shows that the saturation level of the signal is independent of the flow rate PIG. 7. The phase of the PPE signal for pure helium (solid line) and air compared with pure hydrogen (dotted line) and air.
(at least at flow rates less than 500 ml/min) and it only determines the rate at which the saturation is achieved.
As discussed in Ref. 1, this PPE sensor also shows good sensitivity to helium. Figure 7 (solid line) shows the phase of the PPE signal for 100% helium relative to pure air. The data for 100% hydrogen shown in Fig. 6(b) are repeated here for comparison. The change in phase due to helium is -81% of the phase change due to hydrogen and Eq. (6) predicts a change of 79% (k,=152X1O-3 W m-l K-' and a,= 180X 10m6 m2 s-l from Ref. 4). The discrepancy may be due to the three dimensionality of the heat flow in the experiment where the optical fiber was very close to the film.
In conclusion, we have successfully demonstrated the reproducibility and the reversibility of a nonchemical photopyroelectric hydrogen gas sensor. Irreversible sensitivity loss with each successive introduction of hydrogen up to several exposures reported for Pd-based chemical sensors' is not present in this detector. Therefore, it is not necessary to reactivate the sensor after a prolonged idle time. Since any inexpensive metal can be used as electrodes, the cost of the sensor is greatly reduced.
We have demonstrated two ways of improving the sensitivity of the sensor; (1) by placing a cap over the film so that the gas flow over the detector is restricted to a thin layer, and (2) by using a thinner film. The data strongly suggest that the phase of the signal is the channel to be used in terms of stability. Although the sensitivity of this sensor is not as good as the Pd-based sensor, a reasonably good sensitivity of 1% hydrogen in air has been achieved. It is important to note that this concentration (1%) is not believed to be an absolute minimum. A future optimization of our setup is expected to better this level of sensitivity. Imdl=.
Imd2=2yJ,f eXp(-2LUf)Sin(21uf)+2ykfysk
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Imd3= -(1+b,f)(yaf3/sa exp( -2da,)sin(2du,)
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Therefore, the amplitude ratio is given by b&4 (i+b,f) -=--
AairCw3
(1 +bhf)
and the phase difference is given by
Here subscripts a, h, f, and s stand for air, hydrogen, film, and solid cap, respectively. The quantity cj is i/,ui as defined in Eq. (1) for the medium j.
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